Introduction {#Sec1}
============

Viruses are intracellular, foreign, genetically structured particles of biological macromolecules which use biological functions of host cells to replicate, i.e., no replication occurs outside host cells. In other words, viruses are not organisms or living cells, although they contain genetic material providing viruses with an ability to replicate using their specific host cells. Properties of viruses, replication, and inactivation are significantly different from those of pathogenic microorganisms in foods. Microorganisms are individual living cells which use food materials as their growth medium. Viruses outside their host cells, however, exist as inactive virions, i.e., as particles with complete infective functions. Virions present biological mechanisms for entering their specific hosts' cells, where an infection causes the host cells to reproduce viral DNA or RNA and then release a large number of virus copies for spreading as new virions. Moreover, viruses do not change organoleptic properties of contaminated foods \[[@CR25], [@CR60]\], and quite often, the source of virus contamination and spread is unidentified \[[@CR51]\]. A food engineering and safety concern is the retention of virus infectivity and infection risks within the food chain.

Viruses vary in size which is typically around 100 nm but the sizes among approximately 6600 classified virus species \[[@CR18]\] may vary significantly from 20 to above 1000 nm. Obviously, optical microscopes may not detect individual virions and images are typically obtained by electron microscopy. The genome of a virus is structured either in DNA or RNA sequences which with nucleoprotein are surrounded by a protein capsid. A number of viruses produce a lipid bilayer as an envelope around the capsid. Such envelope consists of phospholipids and proteins from cell membranes of their host cells. The small size, concentration, and a tiny infective dose of virions besides the need of host cells for reproduction of viral material result in challenges in studies analyzing virus survival and infectiousness in food, water, and the environment \[[@CR60]\]. Viral inactivation studies often employ surrogate viruses to follow virus stability and inactivation. On the other hand, virus infections often result in serious illnesses which may be transmitted via the food chain, including food handling, premises and packaging, or even the food itself. Bivalve mollusks (shellfish) and fresh produce (hand-picked berries, fruits, vegetables), for example, are minimally processed foods which are often contaminated by viruses and, therefore, important sources of foodborne infections \[[@CR15]\].

Multiplication of viruses occurs by production of viral genomes by virus-specific host cells. That is a viral DNA or RNA, or a number of genomes may be detected outside host cells after a particular treatment, but virus extraction and analytical methods to find whether the virion has remained active and infectious are limited \[[@CR47], [@CR52]\]. Such lack of methodology and unique multiplication route results in a significant difference between studies of viral and microbial stability, loss kinetics, or retention of nutrients and biologically active substances in food. Furthermore, bacteria growth or loss kinetics may be derived from numbers of growing cells following a treatment or sampling from surfaces while chemical analytical methods allow detection and studies of degradation kinetics of nutrients or other molecules in food. Likewise, one may find viral DNA or RNA in food or water, contact surfaces, food handling areas, and employees. The existence of viral genomes outside cells, however, does not confirm viability of virions when host cells become available. For such reasons, studies of infective virus concentrations must use plaque assays (e.g., \[[@CR24], [@CR57]\]) or require cell cultures (e.g., \[[@CR11]\]) to reproduce viral genomes besides extraction of a sufficient number or concentration of virions from a contaminated source \[[@CR47]\]. Because of such challenges and large variation in experimental data, transmission routes of viruses as well as factors affecting viability of virions are poorly understood.

Transmission pathways of viral infections and data of their importance to food safety are of high value in food engineering. Foodborne transmissions of many nonenveloped virions causing gastroenteric viral illnesses have well-established links to contamination of ready-to-eat food by an infected food handler \[[@CR15], [@CR60]\]. Foodborne transmission of enveloped influenza viruses is also a possibility, although airborne spreading from infected carriers via surfaces, including foods and packaging, is a recognized risk, particularly at food handling and processing facilities \[[@CR15], [@CR47]\]. According to FAO and WHO \[[@CR15]\], major foodborne viruses cause infections in the gastrointestinal tract. Such viruses are typically transmitted in feces or vomitus. Noroviruses (NoV) and hepatitis A virus (HAV) are known as the most common foodborne causes of viral gastroenteritis along with Rotaviruses, Enteroviruses, and Astroviruses \[[@CR5], [@CR15], [@CR25], [@CR47]\]. Determination of an infective dose may present difficulties. The highly infective Human Norovirus (HuNoV) has an infective dose of 15 to 1300 genome copies or 1 to 10 virions \[[@CR5]\]. One may note that 1 g of infected stool may contain \> 10^13^ HuNoV virions \[[@CR5]\]. A large number of other viruses may show transmissions via food or water allowing them to replicate in the human intestine. Illness, however, may occur only after virions migrate to other organs, such as the liver or even the central nervous system (*Enterovirus*). Many virions survive food processing and even SARS-CoV and highly pathogenic avian influenza (HPAI) virus have been documented to show foodborne transmission \[[@CR15], [@CR25], [@CR47]\]. Jalava \[[@CR22]\] concluded in her analysis of initial transmissions of SARS-CoV-2 (Covid-19) that respiratory transmission was likely. She found food as an unlikely route. Poor ventilation was taken into account, but working practices, the cold chain, and possible condensation of aerosol particles or droplet settling on surfaces thereby leading to direct contamination and transmission via food or packaging contamination was not considered.

An infective viral contamination of a food is always a risk of a likely cause of an infection. In food engineering, there is a need to understand effects of treatments on virions as well as effects of food properties and storage conditions, including water activity, a~w~, on virions. That is not the presence of viral genomes in foods as such, but the infective load of viruses, i.e., number of virions, is essential in understanding processing needs and food safety. Unfortunately, no rapid methodology for the detection of foodborne transmissions or virions in foods or food package headspace has been developed. Stability of viruses seems to depend strongly on whether they have a non-enveloped (naked) capsid (e.g., enteroviruses) or enveloped capsid (e.g., influenza and coronaviruses) \[[@CR28]\]. Most viruses causing gastroenteritis show excellent stability in fresh products and may remain active throughout product shelf life and even several months in shellfish (Bosh et al., 2018). Moreover, chilled and frozen storage of foods can preserve viruses for months or years. On the other hand, numerous antiviral compounds are naturally present in various foods, as was reviewed by Bosch et al. \[[@CR5]\] and Galanakis \[[@CR16]\]. Such compounds may inactivate the spike proteins of viruses and disable their entry into host cells. In food processing, viruses are effectively destroyed by temperatures \> 80 °C which rapidly damage virus capsids. Free chloride and ozone cause strong damage to nuclei acids of viruses besides harmful effects on the capsid \[[@CR59]\].

Virus stability and transmission routes are universal environmental issues which have a direct implication on food safety. Food industry has a need for information on viral stability throughout the food chain as well as understanding of viral degradation kinetics in various surroundings, including foods. Conversely, food engineers have developed technologies for food processing and preservation which require understanding of effects of electric fields, light and radiation, pressure, pH, phase and state transitions, temperature, and other physicochemical parameters on bioactive substances, nutrients, and microorganisms. One example of high relevance of such technologies to virions' stability is dehydration by spray drying which uses aerosols and droplets of food liquids to produce stable particles. Besides physicochemical surroundings of virions in such food processing, water may significantly affect stability and degradation kinetics of virions \[[@CR13]\]. Here, we summarize studies reporting on virus survival and degradation kinetics with critical evaluation of the importance of known data to understanding losses of virus infectivity in normal circumstances, and particularly as affected by water from a food engineering and safety perspective. Furthermore, we emphasize virion stability and kinetics of loss of virion infectivity, including data for influenza A and SARS (Severe Acute Respiratory Syndrome) virions, and discussion of the new SARS-CoV-2 (Covid-19) virion stability. The overall benefits of general food engineering to studies of virions survival and stability are due to similarities in requirements with existing food processing treatments and preservation technologies which often aim at reducing microbial survival and growth without compromising food safety, nutritional value, and sensory pleasure.

Foodborne Viruses {#Sec2}
=================

Classification of Viruses {#Sec3}
-------------------------

Taxonomy of viruses is the responsibility of the International Committee on Taxonomy of Viruses (ICTV) \[[@CR18]\]. The ICTV Master Species list 2019 lists 4 realms, 9 kingdoms, 16 phyla, 2 subphyla, 36 classes, 55 orders, 8 suborders, 168 families, 103 subfamilies, 1421 genera, 68 subgenera, and 6590 species. Sometimes viruses may also be referred to as DNA and RNA viruses according to their genome composition.

Classification and general properties of most common food-related pathogenic viruses are given in Table [1](#Tab1){ref-type="table"}. Pathogenic viruses of significant concern to food safety are listed by FAO and WHO \[[@CR15]\] as those that:Cause a high incidence of foodborne viral disease, based on currently available data (enteric viruses)Cause severe disease including significant mortality worldwide (pandemic)Have the potential for foodborne transmission and to pose a significant threat to public health (pandemic)Table 1Classification and general properties of common pathogenic viruses showing foodborne transmissions or potential transmission risks within the food chainFamilyGenomeGenusTransmissionCommon speciesSizeStabilityInfectionAdenoviridae (nonenveloped)dsDNA*Mastadenovirus*RespiratoryFecalHuman mastadenovirus70--90 nmThermally stable 10-85 °CpH 4--835 d, low RH on plasticFeverConjunctivitisUpper respiratory tract infectionsGastroenteritisMeningitisAnelloviridae (nonenveloped)ssDNA*Alphatorquevirus*Saliva dropletsTorque teno viruses30--40 nmHepatitisRespiratory diseasesHematological disordersCancerArenaviridae(enveloped)ssRNARodents' urine40--200 nmGastroenteritisCentral nervous system disordersAstroviridae(nonenveloped)ssRNA*Mamastrovirus*Fecal-oralPerson to personFoodborneMamastroviruses28--30 nmpH 3, thermally stable 1 h at 50 °C, 5 min at 60 °CGastroenteritisCaliciviridae(nonenveloped)ssRNAOral-fecalAerosolPerson to personWaterFoodborne*Norovirus*, NoV(Norwalk virus)27--40 nm\> 60 °C, pH 2.7\> 10^4^ loss, 1 min in boiling waterGastroenteritis*Sapovirus*(Sapporo virus)GastroenteritisCoronaviridae(enveloped)ssRNA*Betacoronavirus*RespiratoryFomitesOral-fecalMERS-CoVSARS-CoVSARS-CoV-2 (COVID-19)(Pandemic)120--160 nmSensitive to heat, solvents, UVGastroenteritisRespiratory diseaseSevere acute respiratory syndrome (SARS)Middle-East Respiratory Syndrome (MERS)Filoviridae(enveloped)ssRNAContactFomites*Ebolavirus*Hemorrhagic feverFlaviviridae(enveloped)ssRNA*Flavivirus*Insect bitesUnpasteurized milkTick-borne encephalitis virus40--60 nmEncephalitisMeningitisHerpesviridae(enveloped)dsDNAOralFomitesHSV1, HSV2125 nmSensitive to desiccation and low pHInfectionsOrthomyxoviridae(enveloped)ssRNA*Alphainfluenzavirus*RespiratoryFomitesInfluenza A virus(Pandemic)80--120 nm\> 1 week, 37 °C\> 30 d, 0 °C hard surfaces 24--48 hPorous surfaces 8--12 h. Sensitive to heat and irradiationAvian fluCommon fluSpanish fluPapillomaviridae(nonenveloped)dsDNAFomitesHuman Papilloma virus (HPV)ResistantParamyxoviridae(enveloped)ssRNA*Henipavirus*AerosolsFomitesHendra henipavirusNipah henipavirus150--500 nm\> 10 h on surfaces\> 2 years in frozen meatHeat sensitiveMeaslesMumpsHuman parainfluenza viruses (HPIV)Respiratory syncytial virus (RSV)Parvoviridae(nonenveloped)ssDNA*Erythroparvovirus*Respiratory23--28 nm\< 50 °C 60 min, pH 3--9, UV sensitiveGastroenteritisRashArthritisPicornaviridae(nonenveloped)ssRNA*Enterovirus*Fecal-oral routeAerosolsFoodborneEnterovirus A(*Coxsackievirus*)18--70 nmLight sensitiveHerpanginaAseptic meningitis, Hemorrhagic conjunctivitis FeverRespiratory diseaseHand-foot-and-mouth diseaseRashesEnterovirus B(incl. *Echovirus*)20--30 nmAseptic meningitisFeverRespiratory diseaseMyocarditisHeart anomaliesRashesPleurodyniaGastroenteritisDiabetesEnterovirus C(*Poliovirus*)\> 24 d at 4 °C in yoghurtParalysisMeningitisFever*Hepatovirus*Fecal-oral routePerson to personWaterFoodborneHepatovirus A\> 9 months at 4 °C in mineral water\> 7 days at 4 °C in lettuce1 month at 25 °C, 42% RH\> 10^3.5^ loss, 1 min at \> 72 °C\> 10^3.5^ loss, 3 min boiling in greenshell mussels\> 10^4^ loss, freeze-dried berries, 20 min at 100 °CUV-C, 20--120 s, fresh and frozen berriesHepatitisHepatovirus E5 min at 95 °C in pork liver\> 20 min at \> 71 °C in porkHepatitis*Kobuvirus*Aichi viruses30 nmGastroenteritis*Parechovirus*30 nmRespiratory disease, GastroenteritisCentral nervous system infectionsPoxviridae(enveloped)dsDNA220--450 nmResistant to dryingSmallpoxPolyomaviridae(nonenveloped)dsDNA*Polyomavirus*Human polyomaviruses40--50 nm1 h at 50 °CProgressive multifocal leukoencephalopathyDiseases of urinary tractReoviridae(enveloped)dsRNA*Orthoreovirus*Fecal-oral route, respiratory dropletsFoodborneMammalian orthoreovirus60--100 nmUnknown*Rotavirus*Fecal-oral route, respiratory dropletsFoodborneRotavirus A(Simian rotavirus)9 d in air at 20 °C\> 25 d at 4 °C in vegetables\> 10^4^ loss, 1 min in boiling waterDiarrheaRetroviridae(enveloped)ssRNAHIV80--100 nmHeat sensitive, UV resistantRhabdoviridaessRNARabies100--430 nmInactivated at 56 °C, and by UV- and gamma radiationBites, aerosolCompiled with data from various authors (\[[@CR43]\]; \[[@CR15]\]; \[[@CR47]\]; \[[@CR60]\]; \[[@CR51]\]; \[[@CR19]\]; \[[@CR32]\]; \[[@CR5]\]; \[[@CR10]\])

Transmission of Viral Infections {#Sec4}
--------------------------------

Viral transmissions are strongly related to the presence of water either as a transmission medium or with a structural and stabilizing function \[[@CR28]\]. According to FAO and WHO \[[@CR15]\], food hygiene guidelines, which have been optimized for prevention of bacterial infections, may not be effective for viruses. Foods may become contaminated by infective viral material through (i) human sewage and feces; (ii) infected food handlers; and (iii) animals for zoonotic viruses \[[@CR15]\]. On the other hand, these transmission routes seem to primarily apply to direct contamination of food and inclusion of virions as part of the food. Several other routes of viral transmissions in modern food supply chain need to be considered. Such routes include food surfaces and packages, food manufacturing and distribution, food service establishments, and supermarkets \[[@CR16]\].

Viral infections can be transmitted directly from contaminated foods, from the environment, and directly in aerosols and droplets emitted by infected hosts (Table [1](#Tab1){ref-type="table"}). Food contamination often occurs via soil, water, and other direct routes as well as from infected persons or animals. Some enteric viruses, such as Human Norovirus (HuNoV) and enteroviruses may also transmit via aerosols and feces. The working environment is another important source for infections among employees, particularly at healthcare facilities \[[@CR47]\] and also at refrigerated food premises, particularly at meat processing plants. Food engineers have skills and potential to respond and model aerosol composition and dehydration effects on virions' survival in emission and environment as well as during food processing and in manufacturing facilities. Pathogenic viruses may also be assumed to adhere strongly and subsequently survive on personal protective equipment (PPE) and protective clothing of employees depending on hydrophilic-hydrophobic as well as electrostatic properties of materials \[[@CR27]\]. According to van Doremalen et al. \[[@CR54]\], SARS-CoV-2 virions were more stable on plastic (half-life \> 6 h, virus viability \> 72 h) and stainless steel than on aerosols and copper (half-life ≈ 1 h) or cardboard (half-life \> 3 h). Such survival times are sufficient for virions stabilization by dehydration and effective release of concentrated, infective virions to result in secondary transmissions by dusting or direct contact from plastic (including polyester, PET, clothing) and other surfaces, including clothing.

Traditional food preservation using acidification, dehydration, or temperature control may not be sufficient to control foodborne viral infections, mainly because of highly resistant enteric viruses \[[@CR28], [@CR51]\]. On the other hand, spreading of influenza viruses, including pandemic influenza A and coronaviruses, in food is also possible \[[@CR40], [@CR45]\]. According to Zuber et al. \[[@CR60]\], enteric virions need to survive the enzymatic and extreme pH conditions of the gastric system which reflects their high resistance to many common food preservation and processing treatments. Likewise, enveloped virions of pathogenic viruses, e.g., influenza A virions have been shown to remain infective in frozen meat \[[@CR15]\] and there is a possibility for survival of the new SARS-CoV-2 on meat surfaces \[[@CR45]\]. Enveloped viruses are transmitted rather in fluids, respiratory droplets, blood, and tissue \[[@CR56], [@CR60]\] but their virions are more sensitive to environmental conditions and variations in humidity. Foodborne transmission of viruses is a potential risk in the case of enteroviruses but also other pathogenic viruses, and their spreading within the environment is well-recognized \[[@CR47]\]. A summary of common foodborne viral infections is given in Table [2](#Tab2){ref-type="table"}.Table 2Common virus infections transmitted within the food chain (Updated from \[[@CR15]\])Site of infectionVirusNeural tissue and nervous system*Enterovirus*, Nipah virus, *Poliovirus*, *Parechovirus*, Tick-borne encephalitis virusRespiratory systemInfuenza A, HPAI-H5N1, SARS-CoV, SARS-CoV-2 (Covid 19)LiverHAV, HEVIntestinal systemNoV, HRV, *Sapovirus*, *Astrovirus*, *Adenovirus*, Aichi virus

Enteric viruses can also be airborne, bloodborne (including vector-borne), or sexually transmitted.

Enteric Viruses {#Sec5}
---------------

Traditionally microbial food safety is linked to gastroenteritis and bacteria transmitted directly from food. Loss of virions infectivity often relates to loss of capsid essential functions for introducing the viral genome to a host cell to initiate a viral infection \[[@CR12]\]. Most foodborne virions have no envelope, and infectivity is retained well in conditions outside host cells \[[@CR15], [@CR25]\]. Many such virions demonstrate good resistance to extreme pH values (acid and alkaline), and virions may remain infective after drying, radiation, and other food preservation treatments \[[@CR28], [@CR32]\]. The essential parts of an infectious virus are the integrity of the genome and capsid protein at minimum \[[@CR32]\]. Any treatment of food against pathogenic viruses must ensure sufficient loss of viral infectivity, i.e., numbers of infective virions need to decrease by several logarithmic cycles.

Enteric viruses are common in water and environment. Butot et al. \[[@CR7]\] showed that viruses were not likely to contaminate bottled water. Their study showed that enteric viruses, HAV, HuNoV, and *Rotavirus* (RV) were adsorbed and remained on polyethylene terephthalate (PET) bottle surfaces and thereby retained infectivity at the PET surfaces even for 62 d at room temperature. Such attraction of viruses on hydrophobic surfaces emphasizes the importance of hydrophobic properties of nonenveloped virions to stability and loss of infectivity. Enteric viruses show interactions with many food components. According to Sánchez and Bosch \[[@CR51]\], enteric viruses attach to foods by ionic and hydrophobic interactions, van den Waals forces, interaction with receptors (e.g., HuNoV attachment to carbohydrates), and uptake into bivalve mollusk and vegetable tissues. HAV has been shown to retain infectivity at 22 °C for 50 d, and acidification is not a sufficient means to reduce HAV infectivity \[[@CR50]\].

Influenza and Other Infections {#Sec6}
------------------------------

The SARS-CoV-2 outbreak in 2019/2020 has shown that viral transmissions are complex and foodborne transmission of Covid-19 is also a possibility \[[@CR45]\]. Conversely, foodborne viral infections are not limited to viruses infecting human gastric track but rather to any infecting viruses, including common influenza virus (Table [1](#Tab1){ref-type="table"}).

Virions in respiratory transmissions are often emitted from infected carriers as aerosols and droplets. Droplet nuclei in aerosols are below 10 μm in size. Such droplets dropping from the height of 1.5 m take over 8 min while large droplets \> 100 μm are not inhaled and settle on surfaces within a few seconds (Weber and Stillianakis, 2008). Particles resulting from coughing, sneezing, and speaking vary over the range of 1 to 2000 μm and interestingly correspond to droplet sizes in spray drying. Most particles are too large for inhalation (Weber and Stillianakis, 2008) and they settle on surfaces and cause droplet contamination in surroundings. A considerable number of up to 300,000 aerosol particles/cough over a size range of 0.35 μm to 10 μm may be expelled during coughing. The number of emitted particles is often higher for influenza patients than for healthy persons \[[@CR35]\]. In some cases, small numbers between 1 and 100 virions may result in an infection \[[@CR15]\] and an aerosol infection dose may be taken as 1000--2000 copies of the viral genome \[[@CR41]\].

Employees are often an important source of direct and indirect virions transmissions. In manufacturing plants, aerosol particles are formed during coughing, sneezing, and speaking. Zayas et al. \[[@CR58]\] found that during coughing of healthy individuals, 99% of droplets were less than 10 μm in size. They also reported a large variation in droplet size and high emitters included an ex-smoker and a person older than 50 years. An outlier was involved in high intensity sports which may imply that virus spreading may become enhanced during activities with strong physical requirements, including such tasks in working environments. Although not statistically significant, older individuals seemed to emit larger droplets than younger persons \[[@CR58]\].

Stability of Virions {#Sec7}
====================

Harper \[[@CR20]\] found that a low temperature and low relative humidity enhanced survival of several viruses, although Poliovirus showed enhanced stability at a high humidity. The most important factors affecting the stability of virions in the aerosol state are temperature, pH, relative humidity, water content, size of the aerosol particle, composition of the suspending medium, sunlight exposure, air quality, and virus type \[[@CR51]\]. At high relative humidity, surface alteration of the virion has been reported, whereas at low relative humidity, virus inactivation appears to be mediated by the removal of structural water molecules. When dried on environmental fomites, HAV and *Rotavirus* are more resistant to inactivation than enteric *Adenovirus*, *Astrovirus*, and *Poliovirus*. The hydrophobic lipid bilayer is likely to provide strong hydrophobic properties to enveloped viruses. The envelope is often covered by glycoproteins which may also provide some hydrogen bonding capability. We assume that such structure enhances retention of water molecules in virions to support viral activity and it provides virions with protection against activity loss during release from host cells and spreading. Moreover, mannose-specific lectins of many plants, including garlic and leek, were found to show antiviral activity against coronavirus SARS-CoV \[[@CR23]\]. Keyaerts et al. \[[@CR23]\] presumed that such lectins interfered with the glycans of spike proteins during entry and release of virions at host cell membranes. In general, inactivation of virions is possible by damaging the genome, the protein coat, or the lipid bilayer and the associated glycoproteins \[[@CR56]\]. Routes of inactivation according to Zhang et al. \[[@CR59]\] are illustrated in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Treatments leading to virions' inactivation as a result of damage on genome or capsid (Reproduced with permission from \[[@CR59]\])

Thermal Stability {#Sec8}
-----------------

Thermal processing provides an effective means for virus inactivation \[[@CR28]\] although fat, protein, and sugars may improve stability of virions against thermal treatments \[[@CR9], [@CR14], [@CR50]\]. Many studies have shown that temperatures above 50 °C are more effective in killing viruses than lower temperatures \[[@CR2]\]. According to Sánchez \[[@CR50]\] industrial blanching of vegetables at 100 °C for 120--180 s may reduce HAV infective virions by \> 6 log~10~ cycles. Conversely, virion inactivation occurs less rapidly in complex food matrices although infective virions are less resistant than the viral genome \[[@CR2], [@CR9]\]. Interestingly virions seem to be less sensitive to thermal degradation than virus genomes both in simple (e.g., water) and complex (e.g., food) matrices. One may conclude that the complete virus structure provides protection to virus genome and loss of infectivity in food benefits from the shorter processing time of virion inactivation than may be suggested by genome degradation. Enteric viruses, such as HAV and parvovirus, as noted by Sánchez and Bosch \[[@CR51]\], show higher thermal stability than most other viruses.

Despite challenges in determination of viability of virions and particularly in detecting virions infectivity, a number of studies have addressed virions survival in foods (e.g., \[[@CR28], [@CR50], [@CR60]\]). In general, many viruses cannot be cultured in vitro and studies of virus stability often use surrogates to achieve data on loss of infectivity \[[@CR39], [@CR51]\]. According to Sánchez and Bosch \[[@CR51]\], stability of viruses in foods is dependent on virus type, temperature, pH, relative humidity, water content, sunlight exposure, and type of food. They also pointed out that the type of surface, for instance, the presence of crevices and hair-like projections in berries, may shield the viruses against environmental modifications and also the presence of natural antiviral compounds in the food itself may reduce risks of infections. Viruses are expected to occur in fresh foods primarily on surfaces, e.g., on surfaces of fresh and frozen berries, but inactivation occurs rapidly on hands. Butot et al. \[[@CR10]\] found that UV-C light (200--280 nm) was effective in reducing HAV and Murine Norovirus (MNV) on fresh and frozen blueberries, raspberries, and strawberries. They, however, noted that the surface properties of the product as well as ice formation on surfaces may affect reduction of viruses. UV-C light treatments are effective only on product surfaces. Virion inactivation on metal surfaces is highly dependent on metal type. A comprehensive research and statistical analysis of pre-2008 published data on influenza virus persistence in various environments was carried out by Irwin et al. \[[@CR21]\]. They reported half-lives of virus concentrations in water, air, feces, and fomites at various temperatures as well as in aerosols varying in temperature and RH. Data were screened from 9760 relevant studies but only 19 studies provided sufficient details as most published data suffered a lack of virus concentrations at a minimum of two time points. Influenza virus H1N1 had the shortest half-life of 11.5 min in paper tissue transfer to hands at 28 °C and 35--40% RH. Longest half-lives of 20.5 and 33.4 h were found for influenza virus H1N1 on eggshell and latex surfaces, respectively, at ambient temperature and humidity. An increase in temperature typically led to a shorter half-life.

The use of heat treatments has been most effective means for NoV inactivation \[[@CR28], [@CR32]\]. Alteration of capsid protein was considered as the main target of heat inactivation. Most foodborne viruses are inactivated during \> 1 min heat treatment in boiling water but typical pasteurization temperatures around \> 70 °C may require up to 20 min for virus inactivation \[[@CR5]\].

Dehydration {#Sec9}
-----------

Bioactives require stability in food or pharmaceuticals and their retention, for example, in drying operations is of much interest. Spray drying involves aerosols and droplet sprays where bioactives often become protected. Bioactive and other components in formulations migrate during atomization and spray drying within a hydrophilic or hydrophobic phase or toward interfaces depending on their affinity \[[@CR33]\]. Lowering of water activity often improves stability of bioactives and nutrients in foods. Dehydration of foods also seems to improve virion stability, and loss of infectivity may require substantially longer treatment times \[[@CR5]\]. Moreover, atomization in spray drying results in a significant air-water interface area which may allow virions adhesion at droplet interfaces. Spray drying often uses sufficient pasteurization of liquid foods prior to atomization, as is required for virion inactivation and reduced infection risks.

Weber and Stilianakis \[[@CR56]\] recognized the crucial role of water in inactivation of influenza viruses. Water is essential in maintaining the structure of the lipid bilayer of the envelope. According to Cliver \[[@CR12]\], enteroviruses may become inactivated by drying, which is not true for HAV and HuNoV. Furthermore, enveloped viruses due to their hydrophobic properties tend to accumulate on droplet surfaces rather than remain inside droplets as was assumed by Marr et al. \[[@CR38]\]*.* Interestingly, envelopes of virions (genome and capsid) contain 18--37% lipids by weight that originate from host cell lipids \[[@CR56]\]. Although nonenveloped viruses rely less on lipid structures, their hydrophobic entry to target cells requires hydrophobic surface properties. Virions survival at various RH conditions in aerosols may vary although survival may increase at high RH and low temperature \[[@CR56]\]. Both RH and absolute humidity (AH, mass of water in unit volume of air) have been suggested as key factors affecting virus stability \[[@CR38]\]. Dehydration from aerosols and droplets at a low RH may increase virion stability, e.g., at room temperature where smallest 1-μm droplets dehydrate in milliseconds and droplets up to 100-μm in less than 1 min \[[@CR56]\]. Droplets larger than 100 μm are also likely to settle on surfaces from 1.5 m height in 5 s \[[@CR38]\] where subsequent dehydration may become considerably delayed. However, the equilibrium water content of emitted particles in aerosols approach the equilibrium vapor pressure of water in the surrounding air, and the final droplet size and water content become dependent on droplet composition and RH \[[@CR38]\]. Dehydration affects the droplet size and it seems that virus inactivation occurs more slowly than dehydration of aerosol particles to an equilibrium size and water vapor pressure \[[@CR38]\]. One may also assume that aerosol droplets contain primarily proteins and NaCl. Therefore, dehydration occurs rapidly to 0.75 a~w~ as NaCl approaches saturation concentration and other components have a minor effect on final droplet a~w~ due to their large molecular size. At an equilibrium of 75% RH (0.75 a~w~), aerosol droplets retain approximately 40% of their initial diameter \[[@CR38]\]. Obviously, the reduced size and water content have a significant effect on virions' gravitational settling, fate, and lifetime \[[@CR38]\]. Marr et al. (2018) correctly noted that aerosol droplets became saturated during dehydration and subsequent crystallization of NaCl could enhance viral degradation. They also showed that the settling time of a 10-μm particle during dehydration could change from approximately 8 min up to 4 h as a result of decreasing particle diameter. Interestingly, Marr et al. \[[@CR38]\] concluded that temperature and RH were the most important parameters affecting virus stability. That is because temperature as an intrinsic factor was seen to control inactivation of viral macromolecules while RH was claimed to be an extrinsic factor controlling evaporation. It is, however, important to note that dehydration controls water activity and the physicochemical properties of both droplet and viral components. Indeed, Lin and Marr \[[@CR34]\] reported that virion inactivation at intermediate 55% RH levels was a result of solute concentration-induced damages to virions structure. They also noted that an intermediate-RH peak in virion inactivation occurred both in enveloped and nonenveloped structures. Such high sensitivity of virions to inactivation at intermediate RH levels over 40 to 85% RH \[[@CR34], [@CR46]\] suggests that RH control during dehydration may be used to maximize virions' inactivation during dehydration. On the other hand, thermal processing prior to liquid dehydration in food manufacturing is often sufficient to reduce risks of foodborne infections. Spontaneous rapid dehydration of aerosols at food manufacturing sites may retain virions' infectivity, and contamination from aerosols and droplets remains as a risk for food chain-related infections.

Low temperature drying can provide a high retention of sensory and nutritional food quality, but such food treatments also mean low inactivation levels of enteric viruses. Butot et al. \[[@CR9]\] found that heating for 20 min at 120 °C was required to inactivate HAV in freeze-dried berries. Obviously, such harsh treatment results in loss of the superior sensory quality and flavor retained during freeze-drying to dried products. HAV has been reported to show higher rate of decay at 80% RH than at 25% RH on nonporous surfaces during 4 h at 20 °C while survival can be higher at 90% RH than at 50% RH during 60 d at 20 °C \[[@CR32]\]. Survival of viruses seems to depend on species and types of surfaces besides storage RH. NaCl concentrations of ≥ 10% could be used for inactivation of HuNoV and HAV in traditional Korean foods \[[@CR42]\]. Enteric viruses, however, can be assumed to retain infectivity in dehydration of fruits and vegetables \[[@CR50]\], and data on HAV infections have confirmed that many viruses retain infectiousness in drying \[[@CR51]\]. There is also some evidence that glassy structures form in dehydration of aerosols and droplets which may contribute to virion inactivation due to reduced rate of drying at intermediate RH conditions, but enhanced retention of infectivity at low RH conditions \[[@CR34], [@CR55]\].

Low Temperatures {#Sec10}
----------------

A decrease in temperature often reduces rates of chemical and biological changes, which may result in increased stability of virions. Furthermore, conformational changes of macromolecules, solidification of lipid components, and other physicochemical properties of viral components may affect increased virion stability at decreasing temperatures \[[@CR44]\], although differences in stability mechanisms of enveloped and non-enveloped structures are likely. Chilled temperatures (2--11 °C) during food storage in most studies have stabilized enteric viruses for a period exceeding product shelf life \[[@CR51]\]. That is often a period of 30 days or longer. Thermal and environmental factors affecting virion stability are summarized in Table [3](#Tab3){ref-type="table"}.Table 3Structural and environmental factors affecting virion stabilityFood structure^a^BiologicalChemicalEnvironmentalPhysicalLiquidSolidSemisolidWater contentNatural antiviral compoundsEnzymes (proteases, nucleases)Microbial inactivationBiofilms stabilizationProtozoal predationVirus strainOrganic matterAntiviral chemicalspHSalinityAmmonia (virucidal)Ions (Ag, Cu, Pt, Rh, etc.)Sunlight (UV light)Humidity (RH)TemperatureTemperaturePressurea Food composition, temperature, and water content-dependentDestabilizing factors are given as biological, chemical, environmental, and physical factor (After \[[@CR51]\])

Lipids in influenza virions appear solid at and below 4 °C while liquid state of lipids dominates above 40 °C \[[@CR44]\]. Chilling of contaminated foods seems to improve virion stability \[[@CR31], [@CR40]\]. Mullis et al. \[[@CR40]\] found that a bovine coronavirus could retain infectivity on lettuce surfaces with a D-value of 5-6 days at 4 °C. Virions showed a higher resistance with a D-value of 14 days in a fecal suspension at the same conditions. Mullis et al. \[[@CR40]\] suggested that dehydration on the lettuce surfaces could reduce infectivity. The findings of Mullis et al. \[[@CR40]\] showed that enveloped corona viruses may retain infectivity on food surfaces for a sufficiently long period of time to result in transmission and infection in humans. Marr et al. \[[@CR38]\] noted that pH effect on thermal stability at temperatures below and above 50 °C suggested that temperature affected influenza virus stability at a molecular level. Such conclusion also implied that differences in temperature could alter virus degradation mechanisms and kinetics.

Freezing was not found by Butot et al. \[[@CR8]\] to reduce viability of a number of viruses. Several studies have confirmed stability and retention of infectivity of virions during frozen storage of foods, particularly in frozen berries and shellfish \[[@CR50], [@CR51]\]. Sánchez and Bosch \[[@CR51]\] concluded that freezing does not ensure an adequate reduction of enteric viruses if present in foods. On the other hand, there are variations in virus survival in foods depending on food composition. A higher decay rate has been found in blueberries, raspberries, and strawberries which was assumed to result from a lower pH \[[@CR8]\]. However, one also needs to take into account the extent of freezing which depends on food composition (e.g., \[[@CR48]\]). The extent of food freezing and virion stability at various frozen storage conditions has not been considered in studies addressing stability of virions at low temperatures. Berries are well known to have a higher unfrozen water content because of their high content of small sugars. On the other hand, virions may be found on product surfaces, but leaking of cellular fluids with sugars may affect the extent of freezing and virion stability during frozen storage. The survival of HAV and virions of other enteric viruses in frozen foods suggest that virions need to be inactivated prior to freezing to ensure food safety even after long frozen storage periods. Freezing and frozen storage in general seem ineffective in killing viruses \[[@CR60]\].

Water Activity {#Sec11}
--------------

Water activity, a~w~, is a well-recognized parameter in understanding food stability, but a~w~ is not often used as a virus stability parameter. Virions need no nutrients and virions have shown good stability in water. Enteric viruses may survive several months in water and high a~w~ foods, such as yoghurt and cheese \[[@CR49]\]. As enteric viruses in water were found to accumulate at PET surfaces \[[@CR7]\], it suggested some hydrophobic interactions of nonencapsulated virions and virions' affinity to hydrophobic surfaces. Cook et al. \[[@CR13]\] produced a comprehensive review on effects of heat, pH, and water activity on the survival of HAV and HEV (Hepatitis E) viruses in food. Their review, however, covered the effects of RH on virus stability rather than a~w~ of foods. It should be noted that most studies of effects of water on virion stability have observed the environmental RH rather than the equilibrium water vapor pressure, i.e., a~w~, of the viral material. According to Sánchez and Bosch \[[@CR51]\], surface alteration of virions at high RH and loss of structural water molecules at low RH contribute to virus inactivation. At high RH conditions, water may protect nonenveloped viruses in aerosols while enveloped viruses often exhibit improved stability at low RH \[[@CR51]\]. Lin and Marr \[[@CR34]\] reported that the high dose of solutes at intermediate RH conditions decreased dehydration as well as led to a higher level of virion inactivation.

Food materials often carry viral material on surfaces rather than as a contamination inside food. Some virions of enteric viruses may contaminate food and their infectivity can become dependent on a~w~. That is, the water vapor pressure of the virion can be assumed to be at equilibrium with the vapor pressure of water within the food. Surprisingly, a small number of studies have reported the effects of RH in closed containers on virus survival. Stine et al. \[[@CR53]\] found that HAV and feline calivirus (FCV) retained activity well at low RH conditions (mean RH 45--48%). On the other hand, virions were more resistant in a complex food matrix than in water or simple solutions \[[@CR2]\]. Indeed, a few studies have followed stability of HuNoV surrogates and HAV in real food materials. Data of Bozkurt et al. \[[@CR6]\] and Lee et al. \[[@CR30]\] confirmed enhanced retention of virus infectivity on wooden surfaces and real foods. Virions tend to show higher sensitivity to water and temperature at intermediate RH conditions. Prussin et al. \[[@CR46]\] showed that infectivity of bacteriophage Phi6 (surrogate for influenza virus and other enveloped viruses) decreased significantly with increasing temperature over the range of 14 to 37 °C and 40 to 85% RH.

Sánchez and Bosch \[[@CR51]\] considered water as a medium that facilitated transmissions, but dehydration reduced such function. Enteric viruses have been shown to be resistant against dehydration and they may remain infectious several months in dried food or feces \[[@CR13]\]. Kim et al. \[[@CR24]\] stored HAV, MNV (HuNoV surrogate), and *MS2 Bacteriophage* over a range of RH (39, 50, and 70% RH) and temperatures (15, 25, 32, and 40 °C) on stainless steel or coated wooden surfaces. They found that virion inactivation increased with temperature at all RH, and inactivation was significantly more rapid on stainless steel than on coated wood. Kim et al. \[[@CR24]\] considered more rapid dehydration as a possibility for the difference although they noted that virus inactivation was also dependent on the type of the metal surface. One may note that significant differences in thermal conductivity, water condensation, and a~w~ of the surface material can have an effect on loss of virus activity during storage. Furthermore, it is likely that wood approached the a~w~ corresponding to equilibrium relative humidity (ERH) differently from stainless steel or other metals. Metals, indeed, may exhibit surface condensation which can increase local and thereby a~w~ of virions. Other metals, such as copper, may also contain metal ions which may accelerate chemical reactions and physicochemical changes, including oxidation. All viruses studied by Kim et al. \[[@CR24]\] showed retarded inactivation at 30% RH on both surface materials. Casanova et al. \[[@CR11]\] in their study of effects of RH on SARS-CoV surrogates considered the Maillard reaction as one possible reason to explain their finding of more rapid viral inactivation at 50% RH than at 20 or 80% RH. They, however, stored viruses suspended in cell culture media dispensed as 10-μL droplets on stainless steel surfaces. Obviously, dehydration and oxidation which may accelerate on metal surfaces were also considered as factors affecting loss of virions activity. The high level of virion inactivation at intermediate RH conditions \[[@CR34]\] suggested that virions' infectivity is likely to reduce rapidly on intermediate moisture foods.

Relative humidity has an impact on virus survival in aerosols and droplets, as RH affects rates of dehydration of droplets containing virions. The study of Casanova et al. \[[@CR11]\] used two enveloped coronaviruses, transmissible gastroenteritis virus, TGEV (*Alphacoronavirus 1*), and mouse hepatitis virus, MHV (*Murine coronavirus*) on stainless steel surfaces at 4 and 20 °C and 20, 50, and 80% RH. Such conditions were relevant for understanding virus stability in biological material at food manufacturing and handling facilities as well as effects of a~w~ on virions. According to Marr et al. \[[@CR38]\], stability of influenza viruses has shown either a decrease in stability with increasing RH or U-shaped relationship showing lowest stability at intermediate RH conditions. One may also assume that the hydrophobic lipids in enveloped viruses enhance virions' sensitivity to organic solvents and the envelope may have an impact on retention of infectivity at various a~w~ conditions as well as affinity to varyingly electrostatic as well as hydrophobic or hydrophilic surfaces \[[@CR27]\].

Casanova et al. \[[@CR11]\] showed a significant retention of MHV and TGEV infectivity at 20% RH (Fig. [2](#Fig2){ref-type="fig"}). Although D-values were \> 12 days at 4 and 20 °C and 20% RH, more rapid loss of infectivity occurred at 50% RH than at 80% RH at 4 °C for MHV. A trend of D-values decrease with increasing temperature and RH was observed. D-values of 2--3 h at 40 °C and 80% RH suggested that large numbers of virions of pandemic viruses may remain on surfaces for a sufficiently long time for spreading and infections. D-values of 1 to 2 months at 20% RH and 6 to 10 days at RH of 50 and 80% at 4 °C suggested that cold temperatures in food manufacturing and storage facilities can significantly enhance viral transmissions. Furthermore, virions may retain activity on contaminated food packages in cold distribution chains. The high rates of infections of the new Covid-19 at meat plants in several countries could be explain with the retention of infective virions at low temperature and high RH conditions. It should be noted that virions of these enveloped viruses are unlikely to exist inside food materials, as contamination is limited to aerosols, droplets, and surfaces.Fig. 2Effect of temperature and relative humidity (RH) on enveloped mouse hepatitis virus (MHV) and transmissible gastroenteritis virus (TGEV) inactivation on stainless steel surface, as derived from data of Casanova et al. \[[@CR11]\]

Inactivation and Inactivation Kinetics {#Sec12}
======================================

Inactivation of viruses involves degradation of genomes and inactivation of virions. Most studies have addressed degradation of genomes primarily using surrogates as detection of pathogenic viruses presents a number of analytical and safety challenges \[[@CR28], [@CR59]\].

An early study of Bidawid et al. \[[@CR3]\] investigated inactivation of HAV in milk and cream. Inactivation was determined in skim milk (0% fat), homogenized milk (3.5% fat), and cream (18% fat). Inactivation was followed at 65, 67, 69, 71, 73, 75, 80, and 85 °C, but 5 log~10~ reduction in titer at 85 °C occurred within 0.5 min. Their data up to 80 °C showed that HAV inactivation occurred more rapidly in skim milk than in fat-containing products. There are no studies on effects of food structure on virus inactivation, but it seems that dispersed particles provide a hydrophilic-hydrophobic interface for adhesion of viruses. Foodborne virions seem to adhere on surfaces in food structures and it is expected that surfaces may enhance their stability. Moreover, virions accumulate on surfaces during transmissions and they also need surface attraction during adhesion on outer target cell membranes to cause a subsequent infection. Enveloped virions are often found on water-air interfaces \[[@CR11], [@CR56]\]. Nonenveloped enteric viruses migrated on hydrophobic walls of PET water bottles \[[@CR7]\], but information on nonencapsulated virions' assembly in dispersions is limited.

An Arrhenius plot of reported inactivation kinetics data of Bidawid et al. \[[@CR3]\] is shown in Fig. [3](#Fig3){ref-type="fig"}. The results of Bidawid et al. \[[@CR3]\] suggested that the activation energy, E~a~, was fairly similar around 140 kJ/mol for all dairy products over the temperature range from 65 to 75 °C. Above 75 °C E~a~ for skim milk showed a strong nonlinearity increasing E~a~ to around 1500 kJ/mol suggesting a change in inactivation mechanism. The inactivation of HAV occurred significantly more rapidly in skim milk than in homogenized 3.5% fat milk. Inactivation was also more rapid in the 18% fat cream. Such difference may have resulted from homogenization as the overall interface area may be assumed to be larger in the homogenized 3.5% milk than in cream. The change in activation energy above 75 °C suggested that rapid denaturation of capsid proteins resulted in rapid HAV inactivation \[[@CR32]\]. Cliver \[[@CR12]\] noted that high temperatures of 95 °C and above were detrimental to capsids of virions.Fig. 3An Arrhenius plot for HAV inactivation in skim milk, homogenized 3.5% fat milk, and 18% fat cream, as derived from data of Bidawid et al. \[[@CR3]\]

Bertrand et al. \[[@CR2]\] analyzed kinetic data of thermal genome degradation or viral inactivation summarizing findings published in 73 original papers. They applied first-order reaction kinetics to the data, i.e., viral inactivation or genome degradation was assumed to follow the relationship of equation ([1](#Equ1){ref-type=""}). The Weibull model was reported to fit better to inactivation kinetics data of enteric viruses \[[@CR6]\]. Lee et al. \[[@CR30]\] studied HAV and HuNoV surrogates (murine norovirus, MNV, and bacteriophage, MS2) loss kinetics in digestive glands of oysters, and surface of cut, fresh peppers. They used "virus survival" models to assess kinetic data obtained during incubation at 4, 15, 25, and 40 °C at both 50 and 70% RH. A linear model (2), Weibull distribution model (3), and a biphasic model (4) were fitted to virus inactivation data. The temperature range covered by Lee et al. \[[@CR30]\] found little variation in virus inactivation at the two different RH conditions. They reported less rapid virus inactivation in oysters than in peppers. The biphasic model fitted well to experimental data.
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Bertrand et al. \[[@CR2]\] used time for first log~10~ reduction (TFL value) of genome degradation or viral inactivation as a universal kinetic criterion. TFL value was analogous to D-value, i.e., decimal reduction time, commonly used in thermal processing, but limited to the first log~10~ decrease. The TFL value represented a larger rate constant than would be found for subsequent D-values. The Weibull model could provide a corresponding applicability. The Weibull model takes into account an initial concavity that was shown by the decrease in viral concentration. It appeared that log~10~ TFL decreased linearly with increasing temperature, but the relationship showed a steeper slope for data above 50 °C than below 50 °C. Although their data covered enteric, foodborne viruses and bacteriophages, they provided an overview of viral loss kinetics at normal ambient and common food processing temperatures.

Figure [4](#Fig4){ref-type="fig"} shows TFL values at 72 °C derived from the data of Bertrand et al. \[[@CR2]\] for common enteric viruses. Bertrand et al. \[[@CR2]\] classified materials as "simple" and "complex" matrices, which represented high water content and a~w~ materials, such as water or a simple solution, or a more complex, real food type materials, respectively. Such classification followed common findings that virions' inactivation occurs more rapidly in water than in food materials. These findings agreed with the data of Bidawid et al. \[[@CR3]\] for dairy liquids. The TFL at 72 °C was longer than was suggested by the data of Bidawid et al. \[[@CR3]\] for HAV in milk and cream. An interesting finding was that log~10~ (TFL) had similar slope values for all virions, but only the slopes below and above 50 °C were different. Another variation was the intercept, α~0~, at *T* = 0 °C. In other words, the effect of temperature on the log~10~ (TFL) was not virus specific while each virus had an individual α~0~ and corresponding log~10~ (TFL). Such temperature dependence supported the earlier assumption of Liu \[[@CR36]\] suggesting that virion inactivation followed thermal kinetics of chemical degradation reactions.Fig. 4Time to first logarithmic decrease (TFL or first D-value) for genome degradation (PCR method) or loss of infectivity (Cell Culture) for main enteric virus species causing gastroenteric infections at 72 °C as derived from kinetic data of Bertrand et al. \[[@CR2]\] for complex materials. D-value for HAV in oysters from Bozkurt et al. \[[@CR6]\] is shown for comparison

Bertrand et al. \[[@CR2]\] concluded that the universal temperature dependence allowed a "worst case" virus to be selected as the most persistent risk for evaluation of thermal inactivation. One should note that such worst case needs to be validated for being sufficient to inactivate the most resistant and infective virions. The authors did not consider infective doses, which can vary significantly among virus infections. Sánchez \[[@CR50]\] in her review concluded that pasteurization at 63 °C for 30 min or at 70 °C for 2 min seemed to be more effective against HAV inactivation than short-time pasteurization (71.7 °C for 15--20 s), but such thermal treatments were not sufficient for complete virion inactivation. She also noted that normal cooking of shellfish was not sufficient to inactivate HAV unless the shellfish internal temperature reached 85--90 °C for 1.5 min which compromised sensory quality.

The results of Bertrand et al. \[[@CR2]\] indicated that the TFL value at temperatures \< 50 °C was several days and extended to several months at 0 °C (Fig. [5](#Fig5){ref-type="fig"}). Such levels of genome degradation or virion inactivation suggested that enteric viruses often remained infective in fresh foods until consumed or to the end of product shelf life in agreement with numerous studies on stability of enteric viruses in foods \[[@CR51]\]. That is washing and other forms of cleaning are essential in reducing infection risks. A further support on virus infectivity in contaminated foods is seen from the fairly low activation energies which apply to virion inactivation below 50 °C (Fig. [6](#Fig6){ref-type="fig"}). Conversely, thermal treatment at temperatures \> 50 °C, preferably \> 95 °C, are required for efficient virion inactivation. Even then the "worst case" treatment for TFL can be up to 2 h, although for most virions D-value (TFL) for inactivation could be less than a few seconds.Fig. 5Time to first log~10~ of genetic degradation (PCR) or virus inactivation (Cell Culture, CC) in a complex material as derived from data of Bertrand et al. \[[@CR2]\]Fig. 6Arrhenius plots for HAV virion inactivation as well as MNV genome degradation (PCR) and virion inactivation (CC) at 0 to 50 °C, as derived from data of Bertrand et al. \[[@CR2]\]

Food-related studies of viruses are limited to potential foodborne transmissions and illnesses spreading in the food chain. Studies involving highly infective pandemic viruses have significant challenges in laboratory experiments but could be valuable for understanding possible other than foodborne spreading routes. Moreover, data for enveloped viruses may differ from mainly nonenveloped, gastric viruses. Although Casanova et al. \[[@CR11]\] dispensed virions in cell culture media on stainless steel surfaces, they used saturated salt solutions and controlled temperature conditions to maintain constant temperature and RH. Their data can be used to derive D-values and activation energies for coronaviruses. Such data are also important examples of effects of water and temperature on inactivation of enveloped pandemic viruses.

The data of Casanova et al. \[[@CR11]\] showed that relative humidity had only a minor effect on MHV and TGEV activation energy. As shown in Fig. [7](#Fig7){ref-type="fig"}, the activation energy at the higher RH conditions varied little between the two viruses, although TGEV seemed to have a larger difference at 80% RH. It should be noted that the data of Casanova et al. \[[@CR11]\] similar to other studies of virion inactivation showed large variations and standard deviations. The data for both strains at 20% humidity suggested that inactivation mechanisms of virions at lower and higher temperatures were different and such variation was more pronounced at low RH (Fig. [7](#Fig7){ref-type="fig"}). One possible factor reducing activation energy below 20 °C is solidification of the lipid components of the envelope. Furthermore, dehydration of structural components of the virion may be expected to result in conformational changes in proteins and other component macromolecules. Unfortunately, there are no available data on the effect of cooling-reheating cycles on loss of infectivity of enveloped viruses to address lipid solidification and changes in macromolecular conformation. However, inactivation of virions at higher temperatures for the development and stability of vaccines is commonly addressed.Fig. 7Temperature dependence of first-order loss of infectivity of enveloped coronaviruses, transmissible gastroenteritis virus, TGEV (*Alphacoronavirus 1*), and mouse hepatitis virus, MHV (*Murine coronavirus*) at 20, 50, and 80% relative humidity calivirus (RH), as derived from data of Casanova et al. \[[@CR11]\]

Thermal degradation may follow first-order kinetics, although non-linearity in plotting logarithmic concentration against time is often reported \[[@CR6], [@CR30], [@CR57]\]. Liu et al. \[[@CR36]\] considered denaturation of the SARS coronavirus as a temperature-dependent rate problem. Their analysis of kinetic data for SARS coronavirus inactivation showed a significant temperature dependence, particularly below 50 °C. Accordingly, the exponential increase in virion stability suggested SARS coronavirus stability to extend over several days or weeks at low temperatures. The activation energy obtained was 93 kJ/mol in fairly good agreement with temperature dependence of inactivation of enteric viruses. Liu \[[@CR36]\] estimated that SARS-CoV could have a lifetime of 16 h at 25 °C while at 0 °C SARS-CoV could remain infective over 20 d. Conversely, inactivation of SARS-CoV at temperatures approaching 80 °C could occur within 3 min \[[@CR36]\]. Madani et al. \[[@CR37]\] reported an activation energy of 97.3 kJ/mol for inactivation of a *Flavivirus* (Alkhumra hemorrhagic fever virus, AHFV) over a temperature range of 45 to 60 °C showing a corresponding activation energy for the loss of infectivity. According to Marr et al. \[[@CR38]\], similarities in mechanisms of thermal degradation of influenza virus may apply over a range of systems, including aerosols, droplets, surfaces, and bulk culture medium.

Studies reporting kinetic data with temperature dependence of virus inactivation have often a limited temperature range below 50 °C, and very little data are available on the impact of water content on thermal inactivation. This is particularly true for influenza and other enveloped viruses.

Novel Processing {#Sec13}
----------------

Modified atmosphere technology or packaging (MAP) may significantly improve the shelf life of many fresh foods, but it may not inactivate HAV \[[@CR4], [@CR50]\] and perhaps neither other viruses when food grade and safe gases are used. MAP and other novel processing treatments, such as HPP, pulsed electric fields (PEF), pulsed light, cold plasma, or UV light, are used primarily for fresh or high a~w~ foods. Both HPP \[[@CR26], [@CR32]\] and cold plasma \[[@CR1], [@CR29]\] may provide means for virion inactivation besides thermal processing. According to Li et al. \[[@CR32]\], HPP could damage HuNoV capsid which explained virus inactivation.

HAV contamination is common in seafood, and a number of studies have reported effects of HPP or UV light treatment during shellfish depuration \[[@CR17], [@CR50]\]. Kingsley and co-workers as reviewed by Kingsley (2013) have investigated effects of HPP on various nonenveloped enteric viruses in foods. Kingsley (2013) noted that enteric viruses as nonencapsulated viruses need to become inactivated as a result of changes in protein conformation. That conclusion was made as enteric viruses have no lipid-specific component, and HPP is not effective in braking covalent bonds of nucleic acids. According to Sánchez \[[@CR50]\], HPP treatments at \> 400 MPa are effective in HAV inactivation. UV-C light treatments or pulsed UV light have also reduced HAV contamination in fruits, vegetables, and other foods. As in other stability studies, virus inactivation in HPP and UV light treatments has been found to depend on the chemical surroundings of the viruses, i.e., food composition, pH, etc. \[[@CR50]\]. Studies of pulsed electric fields, ultrasound, and other emerging technologies' effects on viruses have been very limited. Irradiation using gamma rays is also possible, but a high dose of gamma rays is required even in aqueous suspensions to effectively degrade virions \[[@CR12]\].

Novel processing technologies would be applicable pretreatments prior to thermal processing, freezing, dehydration, and other food preservation to ensure virus inactivation and ensure minimal losses in food quality. Moreover, combined processes in the control of foodborne infections may show more useful in reducing infection risks. On the other hand, refrigerated temperature in caliciviruses HPP treatment has been unexpectedly found to enhance loss of virion infectivity (Kingsley, 2013). HPP treatment parameters for virion inactivation also seem to vary substantially among various virus species.

Conclusions {#Sec14}
===========

Virions in food, water, and the environment are infective macromolecular bioparticles. Several nonenveloped, enteric viruses contaminate fresh products, but pathogenic enteric viruses have a high resistance against virion inactivation. Thermal processing exceeding common protein denaturation temperatures is often detrimental to genomic material and sufficiently efficient to reduce infective virion numbers and ensure food safety. Moreover, virions are structured to protect their genome outside infected cells. Loss of virus infectivity is a result of physicochemical changes and chemical reactions. Such changes and reactions include, for example, dehydration, hydrogen bonding, hydrophobic interactions, electrostatic changes, and molecular conformations. Consequently, virus inactivation needs to be considered in a similar context as loss of nutrients or bioactive substances. Virion inactivation, however, needs to take into account virion stability in aerosols and droplets besides survival in food and surfaces. Little is known on effects of water on virions' stability or loss of infectivity. Dehydration of virions in aerosols and droplets has similarities with spray drying but it may affect both virion stability and loss of infectivity. Kinetics of losses of virions infectivity suggest differences in inactivation mechanisms at lower temperatures below common pasteurization temperatures and higher temperatures applicable to pasteurization and thermal processing. Activation energies are little affected by virus strains which, however, show large differences in thermal processing needs. Novel food processing technologies provide additional means to control viral food safety. HPP and cold plasma treatment are examples of new technologies which may be used in food pretreatment without compromising food quality prior to subsequent food preservation.
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